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Angucyclines are tetracyclic polyketides produced
by Streptomyces bacteria that exhibit notable bio-
logical activities. The great diversity of angucycli-
nones is generated in tailoring reactions, which
modify the common benz[a]anthraquinone carbon
skeleton. In particular, the opposite stereochemistry
of landomycins and urdamycins/gaudimycins at
C-6 is generated by the short-chain alcohol dehy-
drogenases/reductases LanV and UrdMred/CabV,
respectively. Here we present crystal structures of
LanV and UrdMred in complex with NADP+ and
the product analog rabelomycin, which enabled us
to identify four regions associated with the func-
tional differentiation. The structural analysis was
confirmed in chimeragenesis experiments focusing
on these regions adjacent to the active site cavity,
which led to reversal of the activities of LanV and
CabV. The results surprisingly indicated that the
conformation of the substrate and the stereochem-
ical outcome of 6-ketoreduction appear to be inti-
mately linked.
INTRODUCTION
Aromatic polyketides are a large and diverse group of natural
products with important biological activities (Hertweck et al.,
2007). Most of these secondary metabolites are produced by
Gram-positive Streptomyces soil bacteria and include pharma-
ceutical compounds such as the antibiotic tetracycline (Bahrami
et al., 2012) and the anticancer agent doxorubicin (Weiss, 1992).
Angucyclines are a distinct subfamily of aromatic polyketides
based on a tetracyclic benz[a]anthraquinone carbon frame
(Kharel et al., 2012a), and include compounds such as landomy-
cin D (1, Figure 1A) (Weber et al., 1994), urdamycin M (2, Fig-
ure 1A) (Rohr and Zeeck, 1987) and gaudimycin C (3, Figure 1A)
(Kallio et al., 2008a). The landomycins in particular have been
noted for their prominent anticancer activities and the ability of
the compounds to circumvent multidrug resistance efflux pumps
(Ostash et al., 2009).Chemistry & Biology 21, 1381–1The biosynthesis of angucyclines is initiated by the iterative
action of a minimal polyketide synthase (PKS) complex consist-
ing of a b-ketoacyl synthase/chain-length-factor heterodimer
(KSa-KSb or KSa-CLF) and an acyl carrier protein (ACP), which
is responsible for the production of decaketides through
repeated Claisen condensations of malonyl-coenzyme A (CoA)
units (Hertweck et al., 2007; Kharel et al., 2012a). The highly
reactive polyketide chain remains tethered to the ACP during
these early stages, and the sequence of events that lead to the
formation of the first stable intermediate of many of the path-
ways, prejadomycin (4, Figure 1B), have been elucidated during
the past decade (Kharel and Rohr, 2012; Metsa¨-Ketela¨ et al.,
2003). These include first ring cyclization, ketoreduction at C-9
by enzymes of the short-chain alcohol dehydrogenases/reduc-
tase (SDRs) family and aromatization of the first and second
rings. The characteristic angular shape of angucyclines is gener-
ated by the third and fourth ring cyclases (Metsa¨-Ketela¨ et al.,
2003; Kulowski et al., 1999), whereas the release of 4 from the
ACP appears to occur concurrently with C-2/C-3 dehydration
(Kharel and Rohr, 2012; Kharel et al., 2012b).
The various angucycline aglycones are generated in subse-
quent tailoring reactions, which typically involve several succes-
sive oxidation and reduction steps. Initial in vivo experiments
described these tailoring steps as biosynthetic black boxes
due to the complexity of the reaction cascades (Chen et al.,
2005; Mayer et al., 2005; Palmu et al., 2007), but recent experi-
ments conducted in vitro have shed light into the order and
type of chemical transformations that take place (Kallio et al.,
2011; Patrikainen et al., 2012; Kharel et al., 2012b). The key en-
zymes responsible for these modifications belong to two well-
characterized enzyme families, reduced nicotinamide adenine
dinucleotide phosphate (NADPH)- and O2-dependent flavopro-
teinmonooxygenases (vanBerkel et al., 2006) and SDR enzymes
(Kavanagh et al., 2008). On the landomycin (lan) pathway, the
flavoenzyme LanE uses 4 as a substrate and catalyzes hydroxyl-
ation at C-12, followed by ketoreduction at C-6 by the SDR
enzyme LanV (Figure 1B). The stereospecific ketoreduction
results exclusively in the 6R configuration seen in 11-deoxylan-
domycinone (5), which is obtained after C-4a/C-12b dehydra-
tion, catalyzed putatively by LanE (Patrikainen et al., 2012;
Kharel andRohr, 2012). In contrast, during the biosynthesis of ur-
damycins (urd) and gaudimycins (pga and cab), the orthologous
flavoproteins UrdE/PgaE/CabE catalyze two sequential hydrox-
ylations at C-12 (6) and C-12b (7), and the ketoreduction at C-6391, October 23, 2014 ª2014 Elsevier Ltd All rights reserved 1381
Figure 1. Structures of Selected Angucycline Metabolites and Their Biosynthesis
(A) Structures of the glycosylated metabolites landomycin D (1) and urdamycin M (2), and the angucyclinones gaudimycin C (3) and rabelomycin (8).
(B) Model for the angucyclinone redox modification reactions on the landomycin and urdamycins/gaudimycin pathways.
See also Figure S4 and Table S2.
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Angucyclinone 6-Ketoreductionoccurs only after the second step (Figure 1B). The 6-ketoreduc-
tion by UrdMred/PgaMred/CabV, which are homologous to
LanV, results in formation of 3 with 6S stereochemistry (Patrikai-
nen et al., 2012). UrdMred and PgaMred differ from CabV in their
genetic organization because the first two are transcribed in an
unusual manner, both as two-domain fusion proteins and as in-
dependent SDR enzymes from internal start codons (Kallio et al.,
2008b; Patrikainen et al., 2012).
To date, structural studies of proteins involved in shaping the
angucycline chromophores have revealed details about the
active-site architectures of the flavoproteins PgaE and CabE
(Koskiniemi et al., 2007) and of the SDR enzyme LanV (Paananen
et al., 2013). The structure of LanV in complex with nicotinamide
adenine dinucleotide phosphate (NADP+) and 5 demonstrated
the similarity of the enzyme to related ketoreductases involved
in early stages of polyketide biosynthesis, such as ActKR and
HedKR from the actinorhodin (Hadfield et al., 2004; Korman
et al., 2004, 2008) and hedamycin (Javidpour et al., 2011a) path-
ways, respectively. The largest structural difference could be
seen in a lid helix that adopts open and closed conformations
in ActKR and HedKR but that is truncated in LanV. Conse-
quently, the active site of LanV appears to be open to bulk sol-
vent during the catalytic cycle. Biochemical characterization of
LanV promoted a canonical catalytic model for the enzyme (Paa-
nanen et al., 2013; Kavanagh et al., 2008), consisting of a transfer
of a proton from Tyr160 via a catalytic water molecule and a1382 Chemistry & Biology 21, 1381–1391, October 23, 2014 ª2014 Ehydride from the 4-pro-S side of the cosubstrate NADPH to the
C-6 carbonyl group and C-6 of the substrate, respectively.
These detailed investigations into the biosynthesis of angucy-
clines have provided an intriguing platform to study the molecu-
lar evolution of the tailoring enzymes in order to understand how
the great diversity of natural products has come into existence.
For instance, in the case of the flavoenzyme monooxygenases,
we have been able to demonstrate that two point mutations
to PgaE, which were designed based on the template of the
homologous JadH that catalyzes C-12 hydroxylation and C-4a/
C-12b dehydration in jadomycin biosynthesis (Chen et al.,
2010a), are sufficient for the loss of the secondary C-12b hydrox-
ylation activity (Kallio et al., 2013). Similarly, the key branching
point of the landomycin and urdamycin/gaudimycin pathways
has been attributed solely to the SDR components because
the flavoproteins LanE, UrdE, CabE, and PgaE are exchangeable
and all have the ability to catalyze the secondary C-12b
hydroxylation (Patrikainen et al., 2012). The divergence of these
pathways is therefore a consequence of a shift in the substrate
specificity and the stereochemical outcome of the ketoreduction
(6R versus 6S) in LanV versus UrdMred, PgaMred, and CabV.
Initial experiments aimed at understanding factors that govern
this selection process showed that a single point mutation in
LanV leading to a change of Ser192 to Ile192 resulted in the
partial conversion (approximately 30%) of the enzymatic activity
toward 3 (Paananen et al., 2013).lsevier Ltd All rights reserved
Table 1. X-Ray Data Collection and Crystallographic Refinement
Statistics
LanV with 8 UrdMred with 8
Data Collection
PDB entry 4OSO 4OSP
X-ray source ESRF ID23-2 ESRF ID23-2
Space group P41212 P21
Unit cell (A˚) a = b = 91.99,
c = 106.22
a = 63.44, b = 110.33,
c = 78.07, b = 110.35
Resolution (A˚) 50–2.50
(2.56–2.50)
50–2.25 (2.38–2.25)
Wavelength (A˚) 0.8726 0.8726
No. unique reflections 16 276 47 996
Multiplicity 9.1 (7.6) 4.7 (4.6)
Completeness (%) 99.9 (99.3) 99.5 (98.0)
Mean (<I>/<sI>) 11.5 (1.9) 13.0 (1.9)
Rsym (%)
a 16.1 (99.8) 12.5 (83.7)
Wilson B-factor (A˚2) 44.0 39.9
Refinement
R factor (all reflections) (%) 17.5 19.4
Free R factor (%)b 23.5 24.6
Number of atoms 3859 7682
Number of water
molecules
97 204
Number of other
molecules
2 NADP+, 2 PEG,
2 RABELO
1 NADP+,
1 RABELO
Rmsd bond lengths (A˚) 0.007 0.007
Rmsd bond angles () 1.334 0.970
Average B-Factor (A˚2)
All atoms 37.4 34.2
Protein 37.2 34.2
Water 33.4 30.6
Other molecules NADP+ 32.6,
PEG 58.8,
RABELO 62.4
NADP+ 39.7,
RABELO 67.0
Ramachandran Plot
Favored regions (%) 479 (97.0) 968 (96.9)
Allowed regions (%) 15 (3.0) 30 (3.0)
Outliers (%) 0 (0) 1 (0.1)
Values in parenthesis are for the highest resolution shell. NADP+, nicotin-
amide adenine dinucleotide phosphate; PEG, polyethylene glycol;
RABELO, 8.
aRsym = [
P
h
P
i jIi(h)  <I(h)>j]/[
P
h
P
I I(h)], where Ii(h) is the i
th measure-
ment of reflection h and <I(h)> is the weighted mean of all measurements
of h.
bIn the free R factor calculations, 5% of the reflections were used.
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Angucyclinone 6-KetoreductionThe aim of this study was to fully comprehend the differences
behind the functional differentiation of LanV from UrdMred,
PgaMred, and CabV (approximately 68% sequence identity).
Here we report the crystal structures of the ternary complexes
of UrdMred and LanVwith bound NADP+ and the product analog
rabelomycin (8), which enabled us to identify four regions that
could be attributed to the altered catalytic activities. Interchang-
ing these regions between LanV and CabV individually and inChemistry & Biology 21, 1381–1different combinations revealed a complex pattern in which the
shift in activity is dependent onmultiple changes. Full conversion
of the activities of LanV and CabV required the exchange of all
four segments derived from the CabV and LanV templates,
respectively. Surprisingly, the data suggested that the change
in the stereochemistry of 6-ketoreduction is more dependent
on the substrate of the reaction than on the ketoreductase cata-
lyzing the reaction.
RESULTS AND DISCUSSION
The Structure of the Ternary Complex of UrdMred
UrdMred was crystallized as described in the Experimental Pro-
cedures, and details regarding data collection and refinement
are given in Table 1. The overall structure of UrdMred is typical
of SDR family enzymes, consisting of a classical Rossmann
fold with a dinucleotide binding site and an active-site cleft
between two ridges of a-helical and loop segments. There are
four UrdMred monomers in the asymmetric unit, forming a
tetramer. Density for bound ligands was detected only in chain
A, which displays some small conformational changes associ-
ated with the coordination of the ligands. Most notable of these
is the Ramachandran outlier Ser38, in which the strained confor-
mation of the side chain yields space for the adenine moiety of
NADP+. Differences in the electron density and position of the
a7 area (Asn195-Glu204) (Figure 2A) imply that this flap region
is mobile during the reaction cycle. The substrate analog 8 is
bound in the active-site cleft adjacent to the nicotinamidemoiety
of NADP+ with the C-6 hydroxyl group closest (Figure S1A
available online). The binding of 8 takes place mainly through
hydrophobic interactions involving residues Leu149, Phe152,
Ile192, and Tyr212 but makes also contact with Met101,
Ser147, and Tyr160.
The Structure of LanV in Complex with 8 and
Comparison to UrdMred
The structure of LanV in complex with 8 (Figure S1B) contains
two molecules in the asymmetric unit, related through non-
crystallographic symmetry, forming a dimer. The tetramer
typical to SDR enzymes is formed by two symmetry-related di-
mers. The structure is very similar to the previously published
structures of LanV in complex with bound NADP+ (4KWH) and
with bound NADP+ and 5 (4KWI) (rmsd of 0.32 and 0.43 A˚,
respectively).
The overall structures of the LanV andUrdMred complexes are
also comparable, with a 1.18 A˚ rmsd on superimposing chains A
of both structures. The main differences are found in areas sur-
rounding the substrate binding pocket and the cosubstrate;
the active site of UrdMred (Figure 2B) appears to be in a more
open conformation than LanV (Figure 2C). This more open
conformation explains the slightly larger active-site-cavity
volume of UrdMred in comparison to LanV (1187 A˚3 versus
1007 A˚3) (Figures S2A and S2B). The binding of NADP+ differs
in the coordination of the phosphate group attached to position
C-20 of the ribose. In LanV, the backbone amides of loop
residues Ala38-Gly40 provide tridentate coordination to the
phosphate group, whereas Arg16 coordinates from a direction
opposite of Ala38. In contrast, in UrdMred the more bulky
Ser38 shifts the position of the corresponding loop in such a391, October 23, 2014 ª2014 Elsevier Ltd All rights reserved 1383
Figure 2. Stereoview Images of UrdMred and LanV
(A) The overall structure of UrdMred in complex with NADP+ and 8.
(B) Surface view of UrdMred with calculated electrostatics demonstrating the
hydrophobic binding site of the ligand. The surface is colored according to the
electrostatic potential at 23C (22–22 kT/e) with positive potential colored
blue and negative potential colored red.
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1384 Chemistry & Biology 21, 1381–1391, October 23, 2014 ª2014 Emanner that the phosphate is coordinated only by the backbone
amide of Ser38 and Arg16, suggesting that UrdMredmay be less
optimized for NADP+ binding.
In both enzymes, 8 is bound in a similar manner, predomi-
nantly through hydrophobic interactions. Whereas the C-6 hy-
droxyl group and ring A of 8 are situated in equivalent positions
in the two structures, the planar anthraquinone is tilted toward
Leu149 by 9 in UrdMred compared to the LanV complex. This
change may be attributed to the replacement of Ser192 in
LanV with a bulkier Ile192 in UrdMred, which pushes 8 toward
Leu149 (Figure 2D). The structures, therefore, provide an expla-
nation for the previously observed effect in the activity of the
Ser192Ile mutant of LanV (Paananen et al., 2013). Compared
to the position of bound 5 in LanV (PDB code 4KWI), the planar
polycyclic 8 resides considerably deeper in the active-site cleft
and is tilted toward NADP+ (Figure S2C). Interestingly, this shift
positions the C-6 hydroxyl group of 8 in the position of the cata-
lytic water molecule observed in the LanV structure in complex
with 5 (Paananen et al., 2013).
Identification of Regions Affecting the Functional
Differentiation of LanV and UrdMred
The observation that substrate recognition appears to be
controlled mainly through hydrophobic interactions implied
that the functional differentiation of LanV from UrdMred,
PgaMred, and CabV may be due to alterations in the overall
shape of the active-site cleft, which affects the alignment of
the substrates in relation to NADPH and Tyr160. Because we
anticipated that minor differences inmultiple regions are contrib-
uting to the altered activities, we decided to generate chimeric
enzymes in which larger segments of the proteins are inter-
changed individually and in different combinations. The enzyme
pair LanV and CabV was selected because both proteins are
stable and behave well in solution. When the protein structures
were color-coded (Figure 2E) based on sequence identity
(white), similarity (gray), and dissimilarity (black), most of the dif-
ferences could be found on the surface of the proteins, espe-
cially in helices a2 and a7 (Figure 3). The binding sites of the
cofactor NADPH were found to be highly conserved, and also
the active-site clefts were decidedly similar, and the differences
could be attributed to four distinct segments (orange, Figures 2E
and 3).
The first region (R1, Figures 2E and 3) selected for the study
is situated after the conserved residue Met101, which adopts
different conformations upon substrate binding in LanV (Paa-
nanen et al., 2013) and encompasses 17 amino acid residues
from the N terminus of a4 and the preceding loop region. This
area has been shown to affect stereochemical control in the(C) Surface view of LanV demonstrates that the active-site cleft is in a more
closed orientation than in UrdMred.
(D) Close-up view of the active sites of the ternary complexes of UrdMred and
LanV.
(E) The overall structure of LanV in complex with NADP+ and 8. The protein has
been color-coded on the basis of its similarity with UrdMred, PgaMred, and
CabV in the following manner: black for dissimilar amino acid residues, gray
for similar residues, white for identical residues, and orange for the region of
interest.
See also Figures S1 and S2.
lsevier Ltd All rights reserved
Figure 3. Structure-Based Multiple-Sequence Alignment of Angucycline 6-Ketoreductases LanV, CabV, PgaMred, and UrdMred
The sequence motifs for NADPH binding and catalysis are highlighted in pink. The regions (R1 to R4) investigated in this study are marked in orange. The star
indicates residues important for stereochemical control of related ketoreductases involved in natural-product biosynthesis. See also Table S1.
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HedKR (Javidpour et al., 2011a). The second segment,
stretching 11 amino acids (R2), is the major component of
one of the two walls that form the active-site cleft and is
composed of a loop sequence and the N-terminal part of a6.
It also houses the catalytic residues Tyr160 and Lys164. The
first amino acid of this region corresponds to Val151 in ActKR,
where a mutation to leucine has been shown to convert the
stereospecificity of the enzyme toward the substrate analog
tetralol (Javidpour et al., 2013). Furthermore, region R2 is adja-
cent to the W motif that has been confirmed to influence the
enzymatic activity and stereochemistry of ketoreduction in
the EryKR1 (Keatinge-Clay and Stroud, 2006) and AmpKR2
(Zheng et al., 2010) domains from the erythromycin and am-
photericin pathways, respectively. The third distinct difference
in the structures is the amino acid 192 (R3), which has an ef-
fect in the mode of binding of 8 in the two active sites (see
the previous section). Finally, the 13 amino acids of a7, which
forms the flaplike structure adjacent to the active site, were
selected as the fourth region (R4). This area is the most diverse
segment in the angucycline 6-ketoreductases and SDR en-
zymes in general (Kavanagh et al., 2008). The corresponding,
albeit extended, a6-a7 loop region has been suggested to
influence substrate recognition in ActKR (Javidpour et al.,
2011b, 2013).Chemistry & Biology 21, 1381–1Multiple Changes in the Chimeric Proteins Are Required
for Significant Alteration of the Enzymatic Activity
The selected regions were interchanged between LanV and
CabV, and the activities of the chimeric enzymes were tested
in a coupled reaction with PgaE using 4 as a substrate. Overall
the data demonstrated that exchanging single regions had a sur-
prisingly small effect on the function of the enzymes (Figure 4). In
the case of LanV, only the activity of the previously reported R3
variant differed from the native enzyme (Paananen et al., 2013).
This variant produced 3 and 5 in a 2:3 ratio, whereas native
LanV produced only 5. This was also the case for CabV in that
exchanging the R3 region had the strongest impact in the reac-
tion, resulting in the formation of 3 and 5 in 3:2 ratio whereas the
ratio with native CabV was 11:1.
Because none of the selected regions alone was sufficient to
reverse the activity of LanV and CabV, we proceeded to create
double, triple, and quadruple chimeric enzymes by interchang-
ing multiple regions in all possible combinations. In the case of
LanV, the variants R2+R3 and R1+R3, producing 3 and 5 in 1:2
and 1:3 ratios, respectively, were the most effective double chi-
meras in steering the activity toward CabV. From all the CabV
double variants, the R1+R3 mutation had the largest effect to
the production profile; this variant produced 3 and 5 in a 1:6 ratio.
The other CabV double variants differed from the native enzyme
to varying extents, with the variant R3+R4 differing the most and391, October 23, 2014 ª2014 Elsevier Ltd All rights reserved 1385
Figure 4. Enzymatic Activity Assays
The columns represent the yields of 3 (left), 5 (center), and 9 (right) from the coupled reactions with (A) LanV or (B) CabV variants with PgaE, using 4 as a substrate.
The yields are calculated from the areas of the HPLC peaks at 256 nm and are shown as mean values with standard deviation calculated from three parallel
reactions. N/A, no activity detected. See also Figure S3.
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Angucyclinone 6-KetoreductionR2+R4 the least. The results of the activity assays with double
variants further highlight the importance of R3 in reversing the
activities of the LanV and CabV. With both enzymes, most of
the combinations with the R3 mutation affect the activity more
than combinations without this mutation (Figure 4).
The importance of regions R2+R3 in LanV and R1+R3 in CabV
can also be seen in the triple chimeric enzymes in that the
activities have changed most toward the other enzyme in cases
in which these regions are included. Both LanV variants
R1+R2+R3 and R2+R3+R4 produce almost equal amounts of
3 and 5, and the CabV variant R1+R3+R4 produces 3 and 5 in
a 1:7 ratio. In both cases the biggest change in the ratio of the
reaction products 3 and 5 was achieved using the quadruple
variants, which produced 3 and 5 in a 4:1 ratio in the case of
LanV and in a 1:16 ratio in the case of CabV.
No activity for the LanV variants R2+R4 and R1+R2+R4 could
be detected with the protein concentration used in this analysis.
With higher enzyme concentrations, small amounts of 5 and
dehydrorabelomycin (9, Figure 1B) were produced (data not
shown). This indicates that the catalytic efficiencies of these var-
iants are clearly weakened, possibly because the affinity toward
the substrate of LanV has decreased by the introduction of
multipleCabV regionswhile theSer192 fromLanV inhibits the for-
mation of 3. In addition, all the enzyme variants, like the native en-
zymes, produced 9 as one of the reaction products. The percent-
age of 9 differed from 6% to 42% between different variants and
was higher in CabV than in LanV variants. The formation of 9 indi-
cates that thecouplingof the reaction is imperfect and the system1386 Chemistry & Biology 21, 1381–1391, October 23, 2014 ª2014 Eleaks toward the shunt product (Patrikainen et al., 2012). In the
case of LanV, the variants that produced the largest amounts of
9 also produced more 3 and less 5, suggesting that formation
of 9may be characteristic of enzymes acting like CabV, although
this phenomenon could only be seen in some of the variants.
Altogether, the results of the chimeragenesis studies indicate
that the amino acids affecting the stereochemical outcome of
the C-6 ketoreduction are situated in multiple locations around
the active-site cavities. The Ser-Ile192 is clearly the most impor-
tant amino acid, but other amino acids also influence the correct
alignment of the substrate. Regions R1 and R2, which are
situated at the bottom of the active-site cleft across from Ser-
Ile192, have a significant effect on the stereochemistry of the
reaction, presumably by aligning the substrate into the correct
position together with Ser-Ile192. The results highlight the idea
that the overall hydrophobic shape of the active site is the
most important factor in determining the stereochemistry of
the ketoreduction by affecting the alignment of the substrate.
As an example, exchanging the shortened lid region R4 alone
appeared to have little effect on the activities of the variants,
but taking it together with the other regions, R4 had more influ-
ence on the outcome of the reaction.
Substrate Specificity and Stereochemical Control of
6-Ketoreduction Are Linked in the Chimeric Enzymes
In all enzyme variants, a change in the substrate specificity
was accompanied with a simultaneous change in the stereo-
chemistry of 6-ketoreduction; none of the enzyme variantslsevier Ltd All rights reserved
Figure 5. Results of the Docking Studies
Angucyclinones (A) 3 and (B) 5 docked into the
active-site cavities of UrdMred and LanV, respec-
tively. Catalytic amino acids are shown inmagenta,
ligands 3 and 5 in cyan and NADP+ in yellow. The
green dashed lines represent the hydrogen-
bonding Tyr160, ligand, and NADP+. The coordi-
nated water molecule in the active site of LanV was
essential for the formation of the 6R stereochem-
istry of 5. See also Figure S5.
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Angucyclinone 6-Ketoreductionwere able to produce 3 or 5 with unnatural 6R or 6S stereo-
chemistries, respectively (Figure S3). As an explanation of
the stereochemical control of the enzymes, we expected that
the angucyclinone substrates would have to bind in opposite
orientations by 180, but the structures of LanV and UrdMred
in complex with 8 did not support this because the ligand
bound to both proteins in approximately the same orientation.
The experiments described here, surprisingly, imply that the
only difference among the various chimeric enzymes is in
their affinities toward the two possible substrates 6 and 7.
This raises an interesting question regarding the control of C-
6 stereochemistry in landomycin and gaudimycin biosynthesis:
what is the determining factor if it is not the 6-ketoreductases?
Our unexpected conclusion is that large conformational changes
in the two substrates, which are primarily caused by C-4a/C-
12b dehydration, position the ligands differently in the active
sites for 6R- and 6S-ketoreduction. In other words, the stereo-
chemical outcome of angucyclinone ketoreduction is deter-
mined by the substrate and not the enzyme. A similar phenom-
enon has been observed with the ketoreductase domain
from the fungal highly reducing polyketide synthase (HR-PKS)
Hpm8, in which the stereospecificity of the ketoreduction is
controlled by the length of the substrate (Zhou et al., 2012).
However, in the case of Hpm8 KR the stereospecificity is
more related to the structure of the enzyme because the ste-
reochemistry of the diketide L-ketoreduction can be changedChemistry & Biology 21, 1381–1391, October 23, 2014by chimeragenesis based on the homolo-
gous D-ketoreductase. The proposal pre-
sented here also implies that C-4a/C-12b
dehydration must occur prior to 6-ketore-
duction, and not vice versa, in landomy-
cin biosynthesis, which has been an
unresolved issue to date (Figure S4A)
(Patrikainen et al., 2012).
Our hypothesis is supported by a
number of observations. As visualized
by molecular models, the C-4a and C-
12b hydroxyl groups of 3 cause signifi-
cant torsion in the structure and the
angle between rings A and B is nearly
90, whereas the structure of 5 appears
to be considerably more planar due to
the fully aromatic A ring (Patrikainen
et al., 2012). Further conformational
analysis of various angucyclinones (Fig-
ure S4B) indicates that C-4a/C-12b
dehydration is the deciding factor indetermining the overall shape of the compounds. Accordingly,
this phenomenon has significant influence in the positioning of
3 and 5 in the active sites of LanV and UrdMred in docking
studies; whereas 3 was positioned in a tilted angle in the active
site (Figure 5A; Figure S5A), 5 was found in a considerably
more upright position (Figure 5B; Figure S5B). The alignment
of 3 in the active site of UrdMred provides a conceivable
explanation for the formation of 6S stereochemistry because
the C-6 hydroxyl and hydrogen are within hydrogen-bonding
distances from the hydroxyl group of Tyr160 and the 4-pro-S
hydride of NADPH, respectively (Figure 5A). On the other
hand, formation of the 6R stereochemistry of 5 is more chal-
lenging to elucidate, especially in regard to the transfer of
the 4-pro-S hydride from NADPH to the opposite side of the
B ring. This appears possible only with the more upright posi-
tioning of 5 and requires the presence of the catalytic water
molecule (Paananen et al., 2013) for transfer of a proton from
Tyr160 to the 6R hydroxyl group (Figure 5B). Similar water-
mediated proton transfer has been shown to take place in hu-
man peroxisomal 2,4-dienoyl CoA reductases (pDCRs), which
belong to the family of SDR enzymes and is generally thought
to occur during the reduction reactions catalyzed by the other
DCR enzymes (Hua et al., 2012). The formation of the 6R ste-
reochemistry in 5 may also require some changes in the posi-
tioning and conformation of the ligand during the catalysis
in order to enable the proper transfer of proton and hydride.ª2014 Elsevier Ltd All rights reserved 1387
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active sites, the ligands 3 and 5 retain their positioning for
6S and 6R ketoreduction, respectively (Figures S5C and
S5D), which further highlights the inherent similarity of LanV
and UrdMred. Finally, our model is further supported by the
previous observation that under unnatural conditions the native
enzymes are able to catalyze the reaction of their counterpart
in vitro (Patrikainen et al., 2012).
In conclusion, the results presented here imply that the chi-
meragenesis experiments influenced the affinity of the enzymes
toward their substrates by altering the overall shape of the
active-site cavity. Importantly, this was the only difference be-
tween LanV and the other enzymes. Therefore, the concurrent
change in C-6 stereochemistry of landomycins and gaudimy-
cins/urdamycins during the evolution of the pathways appears
to be a fortuitous event, which occurred as a consequence of
a shift in substrate specificity. The implication of this finding is
that structure-based engineering of angucyclinone ketoreduc-
tion (e.g., the generation of (6S)-11-deoxy-landomycinone) will
require the incorporation of completely newmutations not previ-
ously seen in nature in order to evolve the enzymes to catalyze
novel chemistry.
SIGNIFICANCE
Stereocenters are general prerequisites for the biological
activities of natural products (Hutchinson, 1998). In the
case of type I polyketide synthases, ketoreductase domains
with specific stereoselectivity are responsible for the gener-
ation of a plethora of stereogenic centers inmacrolides such
as erythromycin. The molecular logic behind the stereo-
specificity of natural-product ketoreductions has been
under intensive investigation during the past decade (Kea-
tinge-Clay and Stroud, 2006, Zheng et al., 2010, Javidpour
et al., 2011a, 2011b, 2013) due to their potential use as tools
in directed biosynthesis and organic synthesis. Here we pre-
sent the ternary complex structures of the SDR enzymes
LanV and UrdMred, which catalyze C-6 ketoreductions
with opposite stereochemical outcomes during the biosyn-
thesis of the angucycline antibiotics landomycin and urda-
mycin, respectively. The crystal structures revealed four
regions around the active-site cavities that could affect the
stereochemical outcome of the reactions. This structural in-
formationwas used to generate chimeric enzyme variants of
LanV and CabV, an ortholog of UrdMred, by interchanging
key regions between the two enzymes. The chimeragenesis
experiments highlighted the importance of Ser192 and
Ile192 in the activities of the two enzymes, and the complete
reversal of the enzymatic activity was achieved only when all
key regions were interchanged simultaneously. Together
with docking studies performed with the reaction products
11-deoxylandomycinone and gaudimycin C, these results
revealed a complex pattern in which multiple amino acids
around the active sites affect the correct alignment of
the substrates for ketoreduction. In addition, the results un-
expectedly implied that, instead of the 6-ketoreductases,
the stereochemical outcomes of the reactions are mainly
controlled by conformational changes in the substrates
used for ketoreduction.1388 Chemistry & Biology 21, 1381–1391, October 23, 2014 ª2014 EEXPERIMENTAL PROCEDURES
Mutagenesis
The mutagenesis of lanV and cabV was carried out using a modified four-
primer overhang extension PCR method (Ho et al., 1989, Kallio et al., 2013).
The target gene was first amplified in two fragments with overlapping muta-
genesis primers (Table S1), which are complementary to lanV or cabV at
the site of chimeragenesis, and outer primers 50-GTAACAAAGCGGGAC
CAAAGC-30 (forward) or 50-GGCCATCCGTCAGGATGGCCTTC-30 (reverse).
The template was either pBHBD/LanV (Patrikainen et al., 2012), pBHBD/
CabV (Kallio et al., 2011), or, when preparing multichimeric genes, one of the
derived variant constructs. The two primary amplification productsweremixed
together and used as a template for PCR with outer primers to produce the
final full-length mutated lanV or cabV. The products were extracted, cloned
into pBHBD (Kallio et al., 2006) as BglII/HindIII fragments, and confirmed using
sequencing (Eurofins MWG Operon).
Expression and Purification of Recombinant Proteins
The proteins LanV (Patrikainen et al., 2012), CabV (Kallio et al., 2011), UrdMred
(Patrikainen et al., 2012), and PgaE (Koskiniemi et al., 2007) were overex-
pressed as N-terminal His-tagged fusion proteins, as described previously,
and the LanV and CabV variant proteins were overexpressed as native
LanV. All proteins were purified to homogeneity using TALON Co2+-affinity
resin (Clontech) in a disposable chromatography column (Bio-Rad) and eluted
with 250mM imidazole. The purity of the proteins was confirmed using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and the concentration of
the proteins was estimated using the Bradford dye binding method. The pro-
teins were stored at20C in 10mMNa3PO4, 50mMNaCl, 125mM imidazole,
and 50% glycerol (pH 7.6).
Crystallization, Data Collection, and Structure Determination
LanV was crystallized as described previously (Paananen et al., 2013), except
that a saturated mixture of 3 and 8, in a 2:1 ratio, in methanol was added to the
crystallization drops and allowed to soak into the crystals for 22 hr before the
crystals were cryoprotected and frozen. Prior to crystallization, UrdMred was
purified using size-exclusion chromatography on a HiLoad Superdex200 26/
600 prep grade column (GE Healthcare) using a buffer containing 50 mM
Tris, 155 mM NaCl, and 10% glycerol (pH 7.4). The protein was concentrated
using Centriprep and Amicon Ultra devices (Millipore), and diluted simulta-
neously 1:1 with water to halve the concentration of the buffer components.
The solution was filtrated using a 0.22 mm Ultrafree filtrator (Millipore), and
the protein concentration was determined using NanoDrop 2000 (Thermo Sci-
entific). NADP+ dissolved in the same buffer was added to the concentrated
UrdMred solution to 1 mM final concentration, followed by 1/10 volume of
the saturated mixture of 3 and 8 in a 2:1 ratio in methanol. Due to interference
from NADP+ and the compounds, the final protein concentrations of the solu-
tions could not be measured, but they were calculated to be approximately
7.5–9.3 mg/ml.
Initial crystallization experiments of UrdMred were made using PACT (Mo-
lecular Dimensions) and JCSG+ screens (QIAGEN). Several hits were obtained
in a few days, and the crystals were optimized using the hanging drop method
at room temperature. In optimization, a pure preparate of either 3 or 8 was
added to the protein solution instead of the compound mixture, but crystals
grew only in experiments with 8. The best UrdMred-complex crystals were
obtained under conditions with 0.2 M ammonium acetate, 0.1 M Bis(2-hydrox-
yethyl)-amino-tris(hydroxymethyl)-methane (Bis-Tris) and 16%–18% polyeth-
ylene glycol 3350 (PEG 3350) (pH 5.5). The crystals were dipped in cryoprotec-
tant solution (0.2 M ammonium acetate, 0.1 M Bis-Tris, 20% PEG 3350, 20%
PEG 400, [pH 5.5]) before they were flash-frozen in liquid nitrogen.
Diffraction data were collected at the European Synchrotron Radiation
Facility (ESRF; Grenoble, France), at beamline ID23-2. For the LanV complex,
120 of data (120 images, 1 oscillation) and, for the UrdMred complex, 220
of data (220 images, 1 oscillation) were recorded. The LanV crystals belong
to space group P41212 with unit cell dimensions of a = b = 91.99 A˚, c =
106.22 A˚, whereas the crystals of UrdMred were found in space group P21
with a = 63.44 A˚, b = 110.33 A˚, c = 78.07 A˚, and b = 110.35. There are
two and four protein molecules in the asymmetric units of LanV and
UrdMred, respectively.lsevier Ltd All rights reserved
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tors using the XDS program package (Kabsch, 2010). To enhancemodel accu-
racy, as much as possible of the high-resolution data was included regardless
of theRsym values, as suggested by Karplus and Diederichs (2012), whilemain-
taining and acceptable data signal-to-noise ratio, completeness, and multi-
plicity. Both structures were solved using the program MOLREP (Vagin and
Teplyakov, 2010) in the CCP4 package (Winn et al., 2011) with the native
LanV structure as a search model. The structures were refined in REFMAC5
(Murshudov et al., 2011) interspersed with rounds of manual model building
in Coot (Emsley et al., 2010). The PRODRG server (Schu¨ttelkopf and van Aal-
ten, 2004) was used to create the necessary coordinate files for the ligand 8.
Water molecules were added to the structures with Coot and inspectedmanu-
ally; only those with electron density above 1s and B-values below 50 were
kept. The structures were validated using the MolProbity server (Chen et al.,
2010b). In UrdMred, electron density could be traced for all residues except
for loop Asn195-Glu204 in chain D and the density for bound ligands
(NADP+ and 8) was detected only in chain A. There is only one Ramachandran
outlier in the UrdMred structure, Ser38 of chain A, which forms part of the
NADP+ binding site. The bound NADP+ pushes Ser38 in chain A to a strained
conformation. In LanV, electron density could be traced for all residues in both
chains (apart from the His-tag), and NADP+ and 8 were found in both active
sites. The B-factors for 8 in both structures are higher than for the rest of the
protein, which is most likely due to slightly less than full occupancy (although
the electron density is interpretable) (Figure S1). The active-site cavity volumes
of UrdMred and LanV were calculated using the Voss Volume Voxelator (3V)
(Voss and Gerstein, 2010) with probes with radii of 6.0 and 1.4 A˚ to calculate
the shell and solvent-excluded volumes, respectively.
Enzyme Reactions In Vitro
Enzyme reactions were conducted under conditions described earlier (Kallio
et al., 2008a) with 1–12.5 mM imidazole. The enzyme concentrations used in
the reactions were 370 nM for PgaE and 1.2 mM for LanV, CabV, and the
enzyme variants. The combination of enzymes PgaE and LanV is able to cata-
lyze C-4a/C-12b dehydration and 6-ketoreduction reactions required for the
formation of 5, but these reactions cannot be separated from each other. Isola-
tion of the substrate and products was carried out using repeated chloroform
extractions, as described previously (Kallio et al., 2008a).
High-PerformanceLiquidChromatography Analysis of the Substrate
and Products
The compounds extracted from the reactions were analyzed by reverse-phase
high-performance liquid chromatorgaraph (HPLC), as described earlier (Patri-
kainen et al., 2012). The substrate 4 and the products 3, 5, and 9were identified
based on retention times and UV-visible (UV-vis) spectra and compared on
the basis of the peak areas at 256 nm. In cases in which the activity of LanV
variants differed from the native enzyme, the 6R stereochemistry of 5 was
confirmed using electronic circular dichroism (ECD) spectra measurements
(Figure S3). Samples of 5 for ECD measurements were purified using
reverse-phase HPLC (Merck Hitachi L4250 UV-vis detector, L-6200A Intelli-
gent Pump, Merck LiChroCART 250-4 LiChrospher 100 RP-18/5 mM column,
gradient from 15% acetonitrile with 0.1% HCOOH to 100% acetonitrile, flow
rate 0.5 ml/min, Ttot = 80 min). The change in stereochemistry of the C-6
hydroxyl group of 3 creates gaudimycin B, which can be separated from 3 in
HPLC analysis (Palmu et al., 2007).
ECD Spectroscopic Measurements of 5
ECD spectra of 5 produced with different LanV variant enzymeswere recorded
over the range of 190–650 nm at 23C using a Chirascan circular dichroism
spectrometer equipped with a 0.1 cm path-length cell. The concentrations
of the measured samples were determined from UV-vis spectra using ε values
reported previously (Shaaban et al., 2011) and were between 227 and 682 mM
inmethanol. Themeasured ECD spectrawere identical to the spectra obtained
earlier for 5 (Patrikainen et al., 2012), which confirmed the 6R absolute stereo-
chemistry in each case.
Molecular Modeling
Substrate structures for the docking studies were modeled by using density
functional theory quantum chemical calculations that were performed usingChemistry & Biology 21, 1381–1Gaussian09 (revision C.01 [Frisch et al., 2010]) and analyzed using GaussView
(v.5.0.8 [Dennington et al., 2009]). Structures were geometry optimized using
the M06-2X hybrid metadensity functional theory (Zhao and Truhlar, 2008a,
2008b) with the 6-31G(d) basis set. Frequency calculations were conducted
at the same level of theory, both to confirm that the optimized structures
were true minima on the potential energy surface by not providing imaginary
frequencies and to obtain the thermodynamic contributions at 298.15 K and
1 atm (frequencies were unscaled). All calculations were performed in the
gas phase, and optimized structures are depicted in Figure S4B and their
atomic coordinates are listed in Table S2.
Docking Calculations
For the docking studies, GOLD (Jones et al., 1997) docking tool with Discovery
Studio 4.0 (Accelrys Software) was used remotely on a Taito supercomputer at
the CSC-IT Center for Science. The ligand 8 was deleted from the active sites
of the receptor molecules (LanV and UrdMred) prior to docking. Before the
docking of 5, both LanV and UrdMred were aligned with the structure of
LanV+NADP++5 (Paananen et al., 2013) and the coordinated active-site water
molecule was positioned into the receptors as it was in the ternary-complex
structure. The docking calculations were conducted both in the presence
and absence of this water molecule.
For docking 3 or 5 into the active-site cavity of LanV in complex with NADP+,
the radius of the input-site sphere for the receptor-ligand interaction was
expanded to 12 A˚ to cover the entire active-site area. Goldscore and GOLD
default were selected for the fitness function and generic algorithms, respec-
tively, in order to optimize the prediction of ligand-binding positions. An iden-
tical procedure was used for docking 3 and 5 into the active-site cavity of
UrdMred in complex with NADPH.
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